Intracellular protein concentration is an essential cell characteristic which manifests itself through the refractive index. The latter can be measured from two or more mutually defocused brightfield images analyzed using the TIE (transport-of-intensity equation). In practice, however, TIE does not always achieve quantitatively accurate results on biological cells. Therefore, we have developed a calibration procedure that involves successive imaging of cells in solutions containing different amounts of added protein. This allows one to directly relate the output of TIE (T) to intracellular protein concentration C (g/l). The resultant relationship has a simple form: C ≈ 1.0(T/V), where V is the cell volume (µm 3 ) and 1.0 is an empirical coefficient. We used calibrated TIE imaging to characterize the regulatory volume increase (RVI) in adherent HeLa cells placed in a hyperosmotic solution. We found that while no RVI occurs over the first 30-60 min, the protein concentration fully recovers after 20 h. Furthermore, interpretation of such long experiments may depend on whether protein concentration varies significantly throughout the cell cycle. Our data on HeLa, MDCK and DU145 cells indicate that it remains relatively stable.
Introduction
Several decades of research have revealed the active role of cell volume in many biological processes (Hoffmann et al, 2009) . Not surprisingly, the majority of studies of cell volume regulation have been based on measurements of none other than cell volume. It is important to keep in mind, however, that the cell volume comprises two quite different entities: 15-30% of the volume is occupied by membraneimpermeant organic macromolecules (of which protein typically makes up more than a half (Heijnen, 2010) , while the rest of the volume is occupied by water with dissolved salts. In studying rapid volume changes, such as in response to osmolarity of the medium, it is usually safe to assume that those are caused entirely by redistribution of water. However, in slower processes, the origin of volume changes is not so clear. For example, cell growth and enlargement may result from both protein and water accumulation, and not necessarily in the same proportion. Likewise, shrinkage during apoptotic cell death may result not only from water expulsion and but also from cell fragmentation, and without evaluating the contribution of each, one may come to erroneous conclusions. Clearly, in some cases, the best approach would be to measure cell volume and cell water (or an equivalent pair of parameters) separately.
Cell protein concentration can be determined from the fact that it is related to the average refractive index of the cell. For most proteins, the refractive index increment is close to 0.19 ml/g (Liu et al, 2016; Theisen et al, 2000; Zhao et al, 2011) , and for other common biological molecules it is either similar or slightly smaller (Liu et al, 2016; Theisen et al, 2000) . Thus, if the refractive index difference between a cell and a low-protein medium is n -n o = ∆n, cell protein concentration can be estimated as C(g/ml) ≈ 5∆n
(1)
Cell refractive index has been measured using various experimental approaches (Liu et al, 2016) , including quantitative phase microscopy. The latter term refers to a group of techniques that measure the phase delay of the light wave passing through a sample. If cell thickness or cell volume are known independently, the average refractive index of the cell can be found. The method of phase restoration based on the transport-of-intensity equation (TIE) is particularly attractive due to its simple technical realization, requiring nothing beyond a standard brightfield microscope capable of precise vertical movement.
TIE quantitatively expresses the well-known fact that visibility of refractive index-mismatched objects changes with defocusing. Specifically, it relates the gradient of intensity I in the axial direction z to the phase delay ϕ:
In practice, one collects at least two brightfield images I 1 and I 2 at different distances to the sample, and the difference between them is used to approximate the gradient (Ishizuka and Allman, 2005) .
In spite of abundant literature on numerical methods of solving the TIE equation, there is a noticeable paucity of quantitative data on biological objects. Although various published images of biological cells look very believable (Barone-Nugent et al, 2002; Jingshan et al, 2014) , the numerical accuracy of TIE with biological objects has scarcely been demonstrated. Measurements on erythrocytes have produced correct values in one work (Phillips et al, 2012) but not in another one (Gorthi and Schonbrun, 2012) .
The measured refractive index of ∆n = 0.023 for smooth muscle cells (Curl et al, 2005) corresponds to C ≈ 0.13 g/ml (according to Eq. (1),) which is significantly smaller than the numbers for similar cells obtained by other methods (Arvill et al, 1969; Fulton, 1982; Jones, 1982) .
We too have previously attempted TIE on cultured cells (Model and Schonbrun, 2013) . Qualitatively, the results were very consistent, and the water content in healthy HeLa cells was close to 85%, which is a reasonable number. However, it appears that the focus drive on our microscope was miscalibrated, and the good match was purely fortuitous; later we were unable to reproduce our own results on other microscopes and instead kept getting values for intracellular water over 90%.
In view of good qualitative but uncertain quantitative results, we propose a different approach to TIE imaging. Instead of interpreting the output T(x,y) of the TIE equation as the phase delay ϕ(x,y), we make allowance for possible experimental or computational errors and postulate that T is not necessarily equal, but only proportional to the phase delay:
We then calibrate the system by placing cells in solutions of bovine serum albumin (BSA) with varying concentrations C 0 to find the empirical coefficient of proportionality q p :
In this equation and for the rest of the paper, T stands for the integral value computed over the entire cell area and V is the cell volume. The latter can be measured by transmission-through-dye (TTD) imaging (see below), which is fully compatible with TIE.
If desired, calibration can be easily converted into units of intracellular water (as the volume fraction W):
or into refractive index difference:
Interpretation of intracellular protein or water data in experiments that involve prolonged cell treatments would depend on whether these parameters remain stable throughout the cell cycle. For example, if water were found to naturally accumulate in cells during mitosis and a particular treatment prevented cell division, the results could be easily skewed by accumulation of cells at the M phase. Since data from the literature have been controversial (Anderson et al, 1970; Beall et al, 1976; Bryan et al, 2010; Loken and Kubitschek, 1984; Rao et al, 1982; Zucker et al, 1979) , we investigated cell water/protein content during cell cycle in three different cell types (HeLa, DU145 and MDCK) and concluded that in these cells, there is no significant variation of protein concentration throughout the cycle.
In the third part of the work, we present one example of the utility of TIE. In many cell types, the initial volume response to a change in external osmolarity is followed by a full or partial return to the initial volume known as the regulatory volume increase (RVI) or regulatory volume decrease (RVD). The majority of data on RVI or RVD have been collected within a relatively brief period following the osmolarity change, presumably to avoid complications resulting from cell growth. By measuring the intensive parameter of protein/water concentration, rather than the extensive parameter of volume, this complication is avoided and a new aspect of cell behavior can be revealed.
Methods
Cell culture. HeLa, Madin-Darby canine kidney (MDCK) and human prostate cancer cells DU145 (American Type Culture Collection, Manassas, VA) were grown on coverslips in Dulbecco's Modified Eagle Medium (DMEM, Lonza) with 10% fetal bovine serum and antibiotics. For microscopic observation, the medium was replaced with one containing additionally 6-7 mg/ml Acid Blue 9 (AB9; TCI America, Portland, OR), and coverslips were placed upside down on slides over small spots of silicon grease to keep them above the slide surface at a distance that could be adjusted by applying light pressure. As explained below, the purpose of AB9 is to enable volume measurements by TTD; the dye at this concentration does not have any noticeable effects on cell viability and functioning (Gregg et al, 2010) .
In prolonged experiments, drying of the liquid was prevented by keeping slides in closed Petri dishes on lightly wetted paper towels; immediately before observation, the solution under the coverslips was replaced with a bolus of fresh medium.
Image acquisition. The samples were observed on an Olympus IX81 inverted microscope using 20x/0.7 or 10x/0.4 Planapo objectives and a NA0.55 condenser set for Köhler illumination. Images were captured with a SensiCam QE CCD camera (Cooke, Romulus, MI). Illumination was delivered to the samples either through a 485/10 bandpass (Omega Optical, Brattleboro, VT) for brightfield images required for TIE or through a 630/10 filter (Andover, Salem, NH) for volume measurement. For DNA quantification, cells were stained with 10 µg/ml of Hoechst 33258 (Sigma-Aldrich, St. Louis, MO) for 5-10 min and imaged in epifluorescence through a DAPI filter set. To take account of spatial variability of the field brightness, a uniform fluorescent field was prepared using 30% sodium fluorescein (Sigma-Aldrich, St. Louis, MO) (Model and Burkhardt, 2001; Model, 2014) . Original fluorescence images of the sample R were corrected by the image of the uniform sample S as
where S is the average gray level of image S and the subscripts ij indicate that the division is performed on a pixel-by-pixel basis.
Volume measurements. The TTD method for volume measurement is based on absorption of transmitted light at 630 nm by extracellular dye AB9. This cell-impermeant is displaced by the cells, making them appear brighter against the dark background (Model, 2012; Model, 2015) . Cell volume V is calculated from a single transmission image as
Here I ij is the pixel gray value (corrected for the dark level of the camera), α is the absorption coefficient of the medium at 630 nm (measured as described previously (Model et al, 2008) ), A is the cell area and h ij is the logarithmic intensity, whose difference between the cell and the background average h represents the local cell thickness.
TIE analysis. TIE analysis is based on the estimation of the vertical gradient of image intensity from at least two mutually defocused brightfield images I 1 and I 2 . Preliminary experiments were conducted to find the conditions that produced the most consistent data and low sensitivity to the choice of focal planes. Thus, image I 1 was focused on the surface of a coverslip and image I 2 was obtained by moving the objective 5 µm toward the sample (there is, indeed, a theoretical justification for focusing into the sample rather than away from the sample (Khitrin and Model, submitted)). To reduce granularity, each plane was imaged 20 times, and the averaged images were used.
TIE processing was performed on MATLAB R2012b (MathWorks, Natick, MA) using the code of Gorthi and Schonbrun (2012) . TIE image quality is greatly improved when the background levels in both images are equal within no more than one gray scale unit; because our TIE code does not automatically equalize the intensities, we manually added or subtracted a small number from I 1 or I 2 . For example, if the average background pixel intensity is 2500 for I 1 and 2510 for I 2 , then adding 10 units to I 1 flattens the background and makes the analysis more reliable. Following other authors, the nominal step size (5 µm) was used in the computations without correction for axial elongation due to refractive index mismatch (Carlsson, 1991; Visser et al, 1992) .
The rest of the analysis was done with ImageJ (http://imagej.nih.gov/ij/). A contour with area A was drawn around the cell on a TIE image, and the average gray level T was determined; next, the average background level T was measured on a 3-µm band adjacent to the original contour, and the integral value over the cell was calculated as T = A T − T . A similar method of analysis was used for cell volume and for DNA quantification.
Calibration of TIE. All buffers used in the calibration experiments were based on Dulbecco's Phosphate-Buffered saline with added 1 µM CaCl 2 , 1 µM MgCl 2 and 7 mg/ml AB9. The buffers also contained BSA (Amresco, Solon, OH) in concentrations ranging from 0 to 0.27 g/L and were made isosmotic (although the latter was not essential) by adding water or NaCl; the final osmolality measured on a vapor pressure osmometer Vapro 5520 (Wescor, Logan, UT) was 308 mOsm. Coverslips with attached live HeLa cells were placed onto a slide as described earlier and imaged consecutively in at least two buffers with different BSA concentrations. The cell volume and the output of TIE (T) were determined for every set of images. The protein-based coefficient q p was obtained by solving a system of two Eq. 3 with unknown q p and C: Determination of the cell cycle phase. In one experiment, HeLa cells grown on coverslips and mounted on slides as described above were imaged repeatedly at 2.5 h intervals for 25 h. In others, the cycle phase for individual cells was estimated by combination of DNA staining and cell volume, in a manner similar to that used in flow cytometry (Nüsse et al, 1990) .
Investigation of the RVI response. HeLa cells were equilibrated in DMEM with 7 mg/ml AB9 (360 mOsm) for 15-20 min, whereupon they were transferred into DMEM containing additionally 40 mM NaCl. We used NaCl rather than the more common mannitol or sucrose in order to avoid changing the refractive index of the medium. For incubations lasting 1 h or less, the cells were kept between a coverslip and a slide; for 20 h time points, the hyperosmotic medium was added to a cell culture dish containing a coverslip with attached cells.
Statistical analysis. The analysis was performed by IBM SPSS 22. When groups of cells were analyzed together, the statistical significance was determined by ANCOVA.
Results
TIE calibration. Fig. 1 shows brightfield, TIE and TTD images of cells in a protein-free buffer and with BSA. The main difference between brightfield images is the visibility of cell boundaries. Accordingly, TIE images show reduced or inverted intensities in BSA compared to those without BSA. By analyzing 72 cells from 4 experiments, the value of q P was measured as 1.02 (SD = 0.2) in units of rad*ml/µm 3 *g or rad/pg.
Figure 1.
Generation of TIE images. The field shows three HeLa cells with normal morphology and two apoptotic dehydrated cells. The two brightfield images BF1 and BF2 separated vertically by 5 µm were acquired first in a protein-free buffer and then in a buffer containing 20% BSA. The TIE image in the absence of external protein shows all cells as brighter than the background; note the slightly darker nuclei due to their lower refractive index (Liu et al, 2016) . In the presence of BSA, the apoptotic cells are still brighter than the background (reflecting the fact that their refractive index is higher than that of 20% BSA), but the contrast is inversed for unaffected cells. From the difference in the TIE contrast with and without BSA, the calibration factor was calculated, as described in the text. A separate panel shows a TTD image, in which the local brightness is proportional to cell thickness.
No difference in q p was noted between rounded mitotic and spread interphase HeLa cells. To test further whether the results are sensitive to cell shape, we prepared deformed and sometimes dehydrated apoptotic cells by overnight treatment with actinomycin D (Kasim et al, 2013) . The value of q p obtained in that experiment, was 1.15 (SD = 0.13, n = 34) for apoptotic and 1.15 (SD = 0.1, n = 6) for cells with normal morphology. For practical purposes, intracellular protein concentration can be estimated from a TTD image in a low-protein buffer as C(g/ml) ≈ 1.0·T(rad)/V(µm 3 )
Stability of protein concentration throughout the cell cycle. The question of stability of protein/water content was addressed in two types of experiments. In one experiment, HeLa cells were observed every 2.5 hours during 25 hours while kept under a coverslip in DMEM/AB9. Cells kept growing at approximate rate 4% per hour (no attempt was made to characterize their growth in more detail). The time of division was estimated to within half the observation interval. The results of protein measurements are displayed in Fig. 2A . While a slight increase in protein concentration was noted around the time of cell division and shortly thereafter, the difference was slight. Based on all data points analyzed, the average protein concentration was 0.194 g/ml (SD = 0.018, n = 116). Observation of MDCK and DU145 cells by this method proved problematic: MDCK cells were extremely labile and continuously kept changing their positions and shapes, making it difficult to relate the images taken at different times, while DU145 cells poorly tolerated prolonged incubation under a coverslip. Therefore, both fluorescence and TTD images of these cells were taken at a single time point, and the cells were divided into two groups: with low DNA/low volume and with high DNA/high volume (Fig. 2B) .
The average values of C (low/high) were 0.191/0.196 and 0.182/0.179 in two experiments with DU145 cells and 0.200/0.184 and 0.184/0.186 with MDCK cells (because of variability of Hoechst staining, the scatter plots from different experiments cannot be overlaid). Thus, there was no consistent difference between protein concentrations at the early and late stages of the cycle. Plotting of C against volume or DNA individually did not reveal any significant correlation either (not shown). (RVI) . Many cell types have the ability to recover their original volume after initial swelling or shrinkage in a medium with different osmolarity. HeLa cells exhibit rapid RVD in a hyposmotic medium (not shown) but no RVI during the first hour in a hyperosmotic medium (Fig. 3) . However, the average protein concentration does return to its original value after a longer incubation of 20 h; thus, a slow RVI still takes place in these cells. 
Example of TTD/TIE: Investigation of Regulatory Volume Increase

Discussion
In discussions of cell volume regulation, it is often stated that a cell can be characterized by its "natural" volume determined by some intrinsic set point. Although this may be true for stable and differentiated tissues and organs, it obviously does not apply to actively dividing cell populations, where the cell volume doubles between divisions. The point is perhaps merely semantic but reflects the tendency to think in terms of the volume. We believe that, in some cases, it would be more natural to consider protein or water concentration rather than for the volume. However, to make such a change of language meaningful, one has to have a means of measuring the protein concentration in individual cells. Thus we sought to adapt a quantitative phase technique to achieve an accurate and reliable measurement of intracellular protein.
Although quantitative phase imaging underwent significant development in the last two-three decades (Popescu, 2011) , it often requires expensive equipment, such as optical tomography, or custom-built optical setups. TIE, on the other hand, can be realized in almost any laboratory, and MATLAB codes for image processing are available (for example, it can be downloaded from http://www.laurawaller.com/ or from Phillips et al (2014) ).
In the present work, we adopted a semiempirical approach to TIE, combining the numerical solution of the equation with an experimentally determined parameter. Its justification lies in the fact that TIE produces, beyond doubt, qualitatively correct results, such as reduced water content in apoptotic cells, increased water content within necrotic blebs and preservation of the phase during osmotic swelling or shrinkage (Model and Schonbrun, 2013) . However, in all our recent attempts to apply TIE either to cells or to plastic microspheres, the measured phase delay was significantly smaller than expected. Similar results were obtained using a different TIE code from Dr. L. Waller's lab. This lead us to believe that our earlier success in measuring water content in HeLa cells at the expected 85% was by accident. This time, we have thoroughly tested the vertical drive on our microscope and found no evidence of error. But even more importantly, the present method of BSA-based calibration does not even rely on the accuracy of the vertical stage movement.
The calibration factor was found to be close to 1.0 rad*ml/µm 3 *g with the coefficient of variation CV ≈ 0.2. The relatively large magnitude of the latter may be partly due to the sensitivity of TIE to noise and to the immediate environment of the particular cell, with neighboring cells affecting the background in their vicinity. It is possible that reproducibility can be improved by using more advanced algorithms for solving TIE, which is known to be sensitive to noise, experimental conditions and method of solution (Froustey et al, 2014; Jingshan et al, 2014; Martinez-Carranza et al, 2013; Mitome et al, 2010; Zuo et al, 2014) . However, it seems that reproducibility of our measurements was comparable to what is achieved by many other quantitative phase techniques (Liu et al, 2016) .
Our measurements on healthy HeLa cells gave the intracellular protein concentration of 0.2 g/ml on average, which is similar to previously published numbers (Beall et al, 1976) . To convert protein concentration into water content (as percent of the total volume), we measured volume expansion upon dissolving BSA in water (not shown) and arrived at the relationship W = 1 -0.73 [BSA] where BSA concentration is expressed in g/ml. Thus, when intracellular water is measured in a lowprotein buffer, the appropriate formula for W would be:
W ≈ 1 -0.73(T/V) or, in terms of Eq. (4), q w = 1.37q p ≈ 1.4 rad/µm 3 It follows that the intracellular protein concentration of 0.2 g/ml in HeLa cells corresponds to 85% water.
Although the described calibration procedure is essentially based on refractive index differences, it skips the explicit step of refractive index determination. However, the parameter q n (see Eq. 5) can be estimated from the refractive index increment dn/dC, which is 0.19-0.20 (ml/g) for BSA solutions 9 Theisen et al, 2000) . Therefore, by substituting 0.2C = n -n o into Eq. 3 we find q n = 5q p ≈ 5 rad/µm 3 For comparison, the value of q' n obtained directly from TIE under the standard assumption T = ϕ (phase delay) and for λ = 485 nm would be q n ' = 2π/λ = 12.3 rad/µm 3 Thus, the empirical coefficient differs from the theoretical result by a factor of 2.5. This is roughly equal to the magnitude of mismatch that can be inferred from other published data (Zhang et al, 2015) . Our own measurements with beads have also underestimated the vertical bead size by approximately twofold (not shown). Beads, however, are complex objects that generate multiple reflections and refractions at large angles, which are not accounted for by the TIE theory.
Our results for q p were reproducible enough (CV ≈ 0.1), and, what is especially encouraging, the same value for the coefficient sufficiently well describes deformed and dehydrated apoptotic cells with higher refractive index. That means that TIE is suitable to study apoptotic volume loss and, in particular, to resolve the above-mentioned dilemma of dehydration vs. fragmentation. Apoptotic dehydration often causes a 50% or larger increase in protein concentration and is easily distinguishable from normal cell variability or scatter in the data.
Having established that BSA-based calibration yields consistent and reasonable numbers, we asked whether water/protein concentration is preserved throughout the cell cycle. This is an important point for interpretation of results on growing and dividing cells, especially when observation has to be carried out for sufficiently long periods. Previous measurements on mammalian cells have shown that monkey kidney CV-1 cells have the highest density at the beginning of G1 phase (Zucker et al, 1979) , but the densities of CHO (Anderson et al, 1970) and three mouse cell lines (Loken and Kubitschek, 1984) remain constant; HeLa cells were found to have the lowest protein concentration during mitosis (Beall et al, 1976) , which is clearly at odds with our results. However, measurements on yeast have also produced conflicting results in the past (Bryan et al, 2010) . Apparently, there is no universal law governing the balance between cell metabolism and water regulation during the cell cycle, and each cell line under given conditions may have to be tested separately.
As an illustration of the importance of protein concentration, we examined the long-term cell volume adaptation in HeLa cells placed in a hyperosmotic buffer. In agreement with previous studies (Barros, 1999; Tivey et al, 1985) , we found no sign of RVI during the first 30-60 min (while the cell volume can be directly compared to the initial volume). However, after 20 h, cell protein concentration returned to the same levels as in the isosmotic buffer. This observation is not totally unexpected in itself because different mechanisms may operate during the early and late stages of RVI (Burg et al, 2007) ; however, the point is that this result would be difficult to obtain from volume measurements alone, as any RVI would be concealed by the normal volume changes that occur during the cell cycle.
Cell volumes can be effectively measured on suspended cells by the electronic sizing technique. However, cell capacity for regulatory volume change depends on their state of attachment: only suspended, but not adherent, HeLa cells are known to exhibit RVI (Barros, 1999; Tivey et al, 1985; Wehner et al, 2007) . Thus, if one is interested in the behavior of adherent cells, they should be analyzed without disrupting their attachment. But analyzing enough cells in microscopic images to get good volume statistics may be difficult, especially since partial local cell synchronization is possible. Protein concentration is a much more telling parameter, and analysis of only a small number of cells can produce statistically meaningful data.
Measuring protein concentration may also be more logical in prolonged experiments. Indeed, there are three main factors that are presumed to serve as volume sensors: mechanical tension, concentration of ions and macromolecular crowding. It is difficult to envision how mechanical stretch or compression can persist over the course of many hours in growing and mobile cells. Ion concentrations are expected to remain more or less stable throughout isosmotic volume changes and can hardly guide the cell towards the set point (although preservation of ion concentration is not supported by all data (Emma et al, 1997) . However, the degree of macromolecular crowding, which can affect numerous cellular reactions (Ellis, 2001) , could easily act as a persistent signal indicating deviation from the normal structure. In this case, protein concentration is not only a convenient, but a biologically relevant parameter.
Conclusion. The combination of calibrated TIE and TTD can be a practical and powerful tool for studying intracellular water accumulation, cell growth, and related processes. It can be realized at no or minimal cost in any laboratory equipped with a standard microscope.
